Maleic anhydride (MA) grafted with poly(trimethylene terephthalate) (PTT)-abbreviated as PTT-g-MA-can be used as a compatibilizing agent to improve the compatibility and dispersion of nanofillers and a dispersed polymer phase into PTT matrix. This work suggests the preparation of PTT-g-MA using a mixture of PTT, MA, and benzoyl peroxide (BPO) by a reactive extrusion process. PTT-g-MA was characterized to confirm the grafting reaction of maleic anhydride on PTT chains by Fourier transform infrared (FTIR) spectroscopy. Thermal properties (differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)) and rheological analysis (parallel plates rheology) were used to prove the changes that occurred after the graphitization reaction. The reactive processing route allowed the production of the compatibilizing agent (PTT-g-MA) with good thermal properties and with lower viscosity compared to neat PTT, and this could be an alternative for the compatibilization of polymer blends, as example for PTT/ABS (acrylonitrile butadiene styrene) blends and nanocomposites based on PTT matrix.
Introduction
Polymeric blends and nanocomposites have been developed over the years with the aim of creating new materials with desirable features. One of the biggest challenges in this field is the weak interfacial adhesion and poor dispersion of the dispersed phase and/or the filler in the polymeric matrix phase. The low physical attraction forces across the immiscible phase boundaries usually cause immiscible blend systems with weak interfacial adhesion, which have poor mechanical properties. The compatibility between the components has great importance and influence on the final properties of polymer blends and nanocomposites, and the interfacial region that occurs strains transfer from the matrix to the reinforcement agent [1] . The number of immiscible blends is extensive due to the low entropy of mixing two polymers as a result of their long chain structure, and phase separation can occur. This problem has been mitigated since the 1960s with the introduction of small quantities of an additive, known as a compatibilizing agent [2] . The compatibilizing agent is commonly used to improve the compatibility of immiscible polymeric blends. Compatibility is promoted by the presence of functional groups which undergo interaction [3] . These agents graft polymers by reactive reactions, typically using maleic anhydride (MA) or acrylic acid (AA). The introduction of MA has overcome the disadvantage of the low polymer surface energy, improving their surface hydrophilicity and adhesion with polar polymers, inorganic filler, and glass fibers [4] .
Reactive Extrusion of PTT-g-MA
Before the reactive processing, PTT was dried at 80 • C for at least 12 h in a vacuum oven to minimize the hydrolytic degradation during processing.
The grafting reaction of MA into PTT chains was carried out by reactive extrusion in a co-rotational twin-screw extruder, AX Plásticos, model AX16:40DR (L/D = 40, D = 16 mm), with a temperature profile of 230/235/235/240/240 • C from the first section to the die, operating at a screw rotation speed of 100 rpm and feeding of 30 rpm. PTT-g-MA was produced with the addition of 96 wt% of PTT, 2 wt% of MA, and 2 wt% of BPO, which was used as the initiator. All components were thoroughly mixed in a bag before extrusion. The extrudate was pelletized and then dried (80 • C for at least 12 h in a vacuum oven) before analysis. The PTT was processed under the same conditions to compare the analyses, and it was labeled as extruded PTT for the polymer after the extrusion process, and neat PTT for the polymer before the extrusion process.
Characterization of the PTT-g-MA

FTIR Spectroscopy
The chemical structures of the MA, PTT, and PTT-g-MA were analyzed by Fourier transform infrared (FTIR) spectroscopy. The samples were analyzed using the PerkinElmer Frontier with a universal attenuated total reflectance (UATR) sensor accessory in the scan range 550-4000 cm −1 .
Rheological Characterization
The rheological behavior of neat PTT (before extrusion process), extruded PTT (after the extrusion process), and PTT-g-MA was evaluated through viscosity tests as a function of the shear rate (permanent regime) in an inert nitrogen atmosphere at a temperature of 230 • C using a controlled-voltage AR G2 rheometer from TA Instruments. The test geometry was parallel plate, with a plate diameter of 25 mm and a distance between the plates of 1 mm. The deformation applied in each test was defined according to the material, ensuring that the tests were conducted in their regions of linear viscoelastic behavior.
Differential Scanning Calorimetry (DSC)
The thermal properties of neat PTT, extruded PTT, and PTT-g-MA such as glass transition temperature (Tg), melting temperature™, and crystallization temperature (Tc) were analyzed by DSC. The DSC tests were performed using Netzsch 204 F1 Phoenix ® equipment under N 2 atmosphere. Approximately 10 mg of each sample was sealed in an aluminum DSC pan and heated at 10 • C/min under nitrogen atmosphere from 30 to 250 • C kept for 3 min to eliminate the heat history and then cooled to 0 • C. The samples were reheated to 250 • C. The crystallinity degree (Xc) was calculated using Equation (1):
where ∆Hm is the total melting enthalpy, W is the weight fraction of PTT in the sample, and ∆H • is the heat of fusion of 100% crystalline PTT, which was taken as 146 J/g [13] .
Thermogravimetric Analysis (TGA)
The thermal behaviors of neat PTT, extruded PTT, and PTT-g-MA were analyzed by thermogravimetric analysis (TGA) using Netzsch 209 F1 Iris®equipment. Samples were heated from room temperature to 800 • C with a heating rate of 10 • C min −1 , under nitrogen atmosphere.
2.3.5. Verification of the effectiveness of the PTT-g-MA in the phase formation of the PTT/ABS blend The PTT/ABS (60/40) and PTT/PTT-g-MA/ABS (57/3/40) blends were prepared in a co-rotational twin-screw extruder, AX Plásticos, model AX16:40DR (L/D = 40, D = 16 mm), with temperature profile of 230/235/240/240/240 • C from the first section to the die, operating at screw rotation speed of 120 rpm and feeding of 30 rpm. Samples were prepared in a mini injector (Thermo Scientific Haake MiniLab) with an average temperature of 260 • C. The fracture surfaces of the blends were coated with a thin layer of gold and were analyzed by scanning electron microscopy (SEM) FEI Nova NanoSEM 450, operating at 2 kV. Figure 1 illustrates the reaction mechanism proposed for MA grafting PTT chains. The grafting reaction of PTT occurs in three stages: (1) Benzoyl peroxide (BPO) breaks into two alkoxy radicals upon heating. (2) The radical then extracts hydrogen atoms from the backbone of the molten polymer to generate the macromolecular radicals-alkyl radical. (3) The alkyl radical initiates the grafting of the vinyl groups of maleic anhydride (MA), producing the compatibilizer PTT-g-MA [11] . These reaction steps occur simultaneously in the extruder. The reactions start at the feed zone, supported by the temperature of the equipment and by the friction of the particles (viscous heating) and continue through the plastification zone. The thermal behaviors of neat PTT, extruded PTT, and PTT-g-MA were analyzed by thermogravimetric analysis (TGA) using Netzsch 209 F1 Iris® equipment. Samples were heated from room temperature to 800 °C with a heating rate of 10 °C min −1 , under nitrogen atmosphere.
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FTIR Spectroscopy
In order to confirm the grafting of MA onto PTT chains, the samples were characterized by FTIR spectroscopy, as this technique enables the determination of the molecular composition and structure of solid, liquid, and even gaseous samples [14] . The spectra in the region of 550-4000 cm −1 of MA, extruded PTT, and PTT-g-MA are shown in Figure 2 , even as a zoomed-in view of the region between 1600 and 1900 cm −1 , allowing the identification of the peaks resulting from the grafting reaction. It was observed that all the characteristic bands of extruded PTT could also be observed in the PTT-g-MA spectrum. The intense band at 1710 cm −1 was related to the stretch of the carbonyl group (C=O) characteristic of PTT. Vibrational bands of PTT are associated with the terephthalate ring and the trimethylene group [15] . The band at 1245 cm −1 was attributed to the ester group, whereas the band at 2958 cm −1 was attributed to aromatic CH groups, both resulting from the terephthalate groups [16] . The wavenumber at 723 cm −1 corresponds to coupled vibration of the carbonyl out-of-plane ring deformation of the phenyl group [17] . In order to confirm the grafting of MA onto PTT chains, the samples were characterized by FTIR spectroscopy, as this technique enables the determination of the molecular composition and structure of solid, liquid, and even gaseous samples [14] . The spectra in the region of 550-4000 cm −1 of MA, extruded PTT, and PTT-g-MA are shown in Figure 2 , even as a zoomed-in view of the region between 1600 and 1900 cm −1 , allowing the identification of the peaks resulting from the grafting reaction. It was observed that all the characteristic bands of extruded PTT could also be observed in the PTT-g-MA spectrum. The intense band at 1710 cm −1 was related to the stretch of the carbonyl group (C=O) characteristic of PTT. Vibrational bands of PTT are associated with the terephthalate ring and the trimethylene group [15] . The band at 1245 cm −1 was attributed to the ester group, whereas the band at 2958 cm −1 was attributed to aromatic CH groups, both resulting from the terephthalate groups [16] . The wavenumber at 723 cm −1 corresponds to coupled vibration of the carbonyl out-of-plane ring deformation of the phenyl group [17] . It is expected that the reactions between OH, COOH, and ester groups from MA modified the PTT chains [18] . In this way, the MA grafting on PTT chains was confirmed by the appearance of two new absorption bands in the region between 1600 and 1900 cm −1 , highlighted in Figure 2 . The two new bands, one at 1844 and the other at 1793 cm −1 , are related to the symmetric and asymmetric stretching of the carbonyl groups from the grafted MA, present in the PTT-g-MA structure [11, 12] . A new band at 900 cm −1 was also observed on the PTT-g-MA spectrum, indicating the stretching of anhydride CO [19] and confirming the reaction between PTT and MA.
Rheological analysis
The rheological analysis was measured in order to characterize the melt viscoelasticity of PTT before and after extrusion process (neat PTT and extruded PTT, respectively), and PTT-g-MA. Figure  3 shows the viscosity dependence concerning the shear rate of the samples at 230 °C. The neat PTT presented initial viscosity (η0) value around 446 Pa.s wlile extruded PTT showed η0 around 370 Pa.s and PTT-g-MA around 330 Pa.s. The η0 was measured at the shear rate of 0.01 s −1 . The value of η0 can be correlated with the molar mass of the material, since smaller molar masses are related to lower melt viscosity. It is noted that the extrusion process decreases the η0 of extruded PTT, related to chain breaking, however, this change is not significant. Comparing PTT-g-MA with neat PTT, a more significant decrease can be observed, which may be related to chain breaking during processing, as well as breaking of chains resulting from graphitization reactions, since this process is an exothermic process and can increase the local temperature, contributing to the breaking of chains. However, the viscosity of neat PTT and extruded PTT are nearly unchanged with increasing shear rate, showing characteristics of a Newtonian fluid. Extruded PTT had a lower viscosity, comparing to PTT before extrusion, due to chain breakage during the processing. It can also be observed that at low shear rate It is expected that the reactions between OH, COOH, and ester groups from MA modified the PTT chains [18] . In this way, the MA grafting on PTT chains was confirmed by the appearance of two new absorption bands in the region between 1600 and 1900 cm −1 , highlighted in Figure 2 . The two new bands, one at 1844 and the other at 1793 cm −1 , are related to the symmetric and asymmetric stretching of the carbonyl groups from the grafted MA, present in the PTT-g-MA structure [11, 12] . A new band at 900 cm −1 was also observed on the PTT-g-MA spectrum, indicating the stretching of anhydride CO [19] and confirming the reaction between PTT and MA.
The rheological analysis was measured in order to characterize the melt viscoelasticity of PTT before and after extrusion process (neat PTT and extruded PTT, respectively), and PTT-g-MA. Figure 3 shows the viscosity dependence concerning the shear rate of the samples at 230 • C. The neat PTT presented initial viscosity (η 0 ) value around 446 Pa.s wlile extruded PTT showed η 0 around 370 Pa.s and PTT-g-MA around 330 Pa.s. The η 0 was measured at the shear rate of 0.01 s −1 . The value of η 0 can be correlated with the molar mass of the material, since smaller molar masses are related to lower melt viscosity. It is noted that the extrusion process decreases the η 0 of extruded PTT, related to chain breaking, however, this change is not significant. Comparing PTT-g-MA with neat PTT, a more significant decrease can be observed, which may be related to chain breaking during processing, as well as breaking of chains resulting from graphitization reactions, since this process is an exothermic process and can increase the local temperature, contributing to the breaking of chains. However, the viscosity of neat PTT and extruded PTT are nearly unchanged with increasing shear rate, showing characteristics of a Newtonian fluid. Extruded PTT had a lower viscosity, comparing to PTT before extrusion, due to chain breakage during the processing. It can also be observed that at low shear rate range, the viscosity of PTT-g-MA did not change, while at higher shear rate, the viscosity decreases sharply with increasing shearing rate, exhibiting pseudoplastic behavior, i.e., viscosity decreases gradually with increasing shear rate, due to the disentanglements between the molecular chains, occurred during the reactive processing. This feature can be essential for the compatibilization process. Since this compatibilizer agent has a lower viscosity in the melt, it may interact more intensively with the other components of the mixture during processing. However, it is necessary to know the thermal parameters, so that premature degradation of this component does not occur. range, the viscosity of PTT-g-MA did not change, while at higher shear rate, the viscosity decreases sharply with increasing shearing rate, exhibiting pseudoplastic behavior, i.e., viscosity decreases gradually with increasing shear rate, due to the disentanglements between the molecular chains, occurred during the reactive processing. This feature can be essential for the compatibilization process. Since this compatibilizer agent has a lower viscosity in the melt, it may interact more intensively with the other components of the mixture during processing. However, it is necessary to know the thermal parameters, so that premature degradation of this component does not occur. 
Thermal Analysis: DSC and TGA
The thermal properties of neat PTT, extruded PTT, and PTT-g-MA were analyzed by DSC. The first heating, cooling, and the second heating scans are shown in Figure 4 a,b,c, respectively. The glass transition temperature (Tg), melting temperature (Tm), melting enthalpy (ΔHm), crystallization temperature (Tc), and the degree of crystallinity (Xc) are described in Table 1 .
In Figure 4a it is observed that neither the extrusion process nor the incorporation of MA changed the Tm of neat PTT, which was around 227 °C. The Tg of PTT is difficult to detect by heating PTT with a linear heating rate [20, 21] , and it depends on the polymer's crystallinity. In this work, careful analysis showed that the Tg was obtained only by the first heating scan (Figure 4a ). The Tg of neat PTT was 67.2 °C. Tg was not evident for extruded PTT or PTT-g-MA using the DSC technique. Because Tg corresponds to variations in the heat capacity due to chain mobility, it can be concluded that after extrusion processing, the heat capacity became smaller compared to neat PTT [22] . Moreover, the chain elasticity is an important factor that influences in the Tg-once there are large side groups in the backbone of the polymer, the chain elasticity of the polymer decreases [23] .
From the cooling scans in Figure 4b , it can be observed that the addition of MA into PTT chains decreased the Tc from 180 °C in extruded PTT to 173 °C in the PTT-g-MA compatibilizer. The crystallization peak for extruded PTT was narrower than those of neat PTT or PTT-g-MA, indicating the formation of crystals with more homogeneous size distribution and allowing polymer crystal organization. Zhang et al. [24] compared raw PTT resin to kneaded PTT and observed that Tc values became higher and the crystallization peak became much narrower, meaning that the crystallization rate of PTT was great improved through the extrusion process. This behavior was confirmed by the degree of crystallinity, which considerably increased compared to the neat and extruded PTT.
Tm showed no significant changes during the second heating scan (Figure 4c ), and it was not possible to observe the Tg. The glass transition temperature is defined as the temperature at which 
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In Figure 4a it is observed that neither the extrusion process nor the incorporation of MA changed the Tm of neat PTT, which was around 227 • C. The Tg of PTT is difficult to detect by heating PTT with a linear heating rate [20, 21] , and it depends on the polymer's crystallinity. In this work, careful analysis showed that the Tg was obtained only by the first heating scan (Figure 4a ). The Tg of neat PTT was 67.2 • C. Tg was not evident for extruded PTT or PTT-g-MA using the DSC technique. Because Tg corresponds to variations in the heat capacity due to chain mobility, it can be concluded that after extrusion processing, the heat capacity became smaller compared to neat PTT [22] . Moreover, the chain elasticity is an important factor that influences in the Tg-once there are large side groups in the backbone of the polymer, the chain elasticity of the polymer decreases [23] .
From the cooling scans in Figure 4b , it can be observed that the addition of MA into PTT chains decreased the Tc from 180 • C in extruded PTT to 173 • C in the PTT-g-MA compatibilizer. The crystallization peak for extruded PTT was narrower than those of neat PTT or PTT-g-MA, indicating the formation of crystals with more homogeneous size distribution and allowing polymer crystal organization. Zhang et al. [24] compared raw PTT resin to kneaded PTT and observed that Tc values became higher and the crystallization peak became much narrower, meaning that the crystallization rate of PTT was great improved through the extrusion process. This behavior was Tm showed no significant changes during the second heating scan (Figure 4c ), and it was not possible to observe the Tg. The glass transition temperature is defined as the temperature at which the amorphous phase becomes mobile, and a change in the heat capacity is observed with this event. In the second heating, it was not possible to determine the Tg, probably due to an extensive broadening of the change in baseline, meaning that the amorphous phase was smaller in this case compared to the first heating scan. This behavior was justified, because there was previous controlled chain crystallization in the cooling scan [22] .
PTT is a typical semicrystalline polymer, and grafting reaction may cause changes in its structure. It is possible to observe that MA did not inhibit the crystal formation process, but increased the degree of crystallinity in the second heating, as observed in Table 1 . X c1 and X c2 for neat PTT were very close. However, the X c2 was higher than X c1 for both extruded PTT and PTT-g-MA because, during the controlled cooling in the DSC analysis, the polymer chain was able to organize and form more crystals. X c1 reflects the crystals formed during the material processing with no controlled cooling rate.
The thermal properties of neat PTT, extruded PTT, and PTT-g-MA were also analyzed by TGA. Figure 5 shows that the samples had similar thermal decomposition patterns, and the thermal degradation occurred in a single-step process. The values of initial degradation temperature (T onset ), the degradation temperature of 10% and 50% of weight loss, and the maximum weight-loss rate temperature (T max ) obtained from the first derivative of the curve are shown in Table 2 . Extruded PTT polymer underwent thermal degradation, T onset , at 387 • C, the neat PTT at 388 • C, and PTT-g-MA at 378 • C. Grafting MA into PTT chains did not vary the degradation pattern, since T 10% and T 50% underwent minor shifts but remained very close for PTT-g-MA, neat PTT, and extruded PTT. The T max values were also almost the same for all of them, indicating that MA did not change the maximum weight loss degradation behavior of extruded PTT. In general, it can be said that the addition of MA did not alter the thermal stability of PTT polymer. Thus, the compatibilizing agent was not degraded during its processing, according to the TGA curves. 
Rheological Analysis
The rheological analysis was conducted in order to characterize the melt viscoelasticity of PTT before and after the extrusion process (neat PTT and extruded PTT, respectively), and to characterize PTT-g-MA. Figure 6 shows the viscosity dependence concerning the shear rate of the samples at 230 °C. The neat PTT presented an initial viscosity (η0) value around 446 Pa.s, extruded PTT showed η0 around 370 Pa.s, while PTT-g-MA showed η0 around 330 Pa.s. The η0 was measured at the shear rate of 0.01 s −1 . The value of η0 can be correlated with the molar mass of the material, since smaller molar masses are related to lower melt viscosity. It is noted that the extrusion process decreased the η0 of extruded PTT, related to chain breaking, but this change was not significant. Comparing PTT-g-MA with neat PTT, a more significant decrease was observed, which may be related to chain breaking during processing, as well as breaking of chains resulting from graphitization reactions, since this process is an exothermic process and can increase the local temperature, contributing to the breaking of chains. However, the viscosities of neat PTT and extruded PTT were nearly unchanged with increasing shear rate, showing the characteristics of a Newtonian fluid. Extruded PTT had a lower viscosity compared to PTT before extrusion due to chain breakage during the processing. It was also observed that the viscosity of PTT-g-MA did not change at low shear rates, while the viscosity decreased sharply with increased shearing rate at higher shear rates, exhibiting pseudoplastic behavior (i.e., viscosity decreased gradually with increasing shear rate due to the disentanglements 3.5. Effectiveness of PTT-g-MA as a Compatibilizer for PTT/ABS Blend Figure 6 shows the effect of adding PTT-g-MA in the PTT/ABS blend. To show the evidence of the enhancement properties of PTT using PTT-g-MA, we prepared a PTT/ABS (60/40) blend and a PTT/PTT-g-MA/ABS (57/3/40) blend using the extrusion process. The addition of a compatibilizer in an incompatible blend usually results in finer and more stable morphology, better processability, and improved mechanical properties. Through SEM analysis of the fracture surface, it was possible to note that the morphologies of the blends with and without the compatibilizing agent were quite different. In Figure 6a it is possible to observe the presence of ABS domains in the PTT matrix. The domains are marked in the image for better visualization. The domain consisted of a matrix of styrene acrylonitrile (SAN) and polybutadiene (PB) dispersed in the SAN matrix. As seen in Figure 6b , the addition of 3 wt% of PTT-g-MA in the system reduced the particle size of these domains. The compatibilizer acted on the morphological formation of the PTT/ABS blends. During the melt mixing, the flow of the extruder made the compatibilizing agent go to the extremity of the PTT, causing a gradient in the interfacial tension along the surface of the ABS phase, favoring the "tip streaming" mechanism. In this way, the ABS phase coalescence was suppressed, and this was caused by the immobilization of the interface due to the interfacial tension gradient or elastic repulsion resulting from the compression of the chains of the compatibilizer. As a result, there was a decrease in the size of the second phase (ABS). It is thus possible to conclude that the compatibilizing agent acted in the suppression of ABS phase coalescence during the melt processing, reducing the phase size of the ABS in the PTT/PTT-g-MA/ABS (57/3/40) blend. Thus, with these results, it is possible to check the effectiveness of PTT-g-MA as a compatibilizing agent for the PTT/ABS blends.
immobilization of the interface due to the interfacial tension gradient or elastic repulsion resulting from the compression of the chains of the compatibilizer. As a result, there was a decrease in the size of the second phase (ABS). It is thus possible to conclude that the compatibilizing agent acted in the suppression of ABS phase coalescence during the melt processing, reducing the phase size of the ABS in the PTT/PTT-g-MA/ABS (57/3/40) blend. Thus, with these results, it is possible to check the effectiveness of PTT-g-MA as a compatibilizing agent for the PTT/ABS blends. 
Conclusion
This paper proposed a new route to produce a compatibilizing agent by grafting maleic anhydride (MA) into poly(trimethylene terephthalate) (PTT) chains by reactive processing. The poly(trimethylene terephthalate) grafted maleic anhydride (PTT-g-MA) showed lower viscosity compared to neat PTT and extruded PTT, and the thermal analysis results showed that MA did not have a significant impact on the thermal degradation of PTT. Thus, the PTT-g-MA showed good thermal and rheological properties, making it an excellent candidate for use as a compatibilizer in polymer blends and nanocomposites using PTT as a polymer matrix. The effectiveness of this compatibilizer was tested on PTT/ABS blends, where the addition of PTT-g-MA decreased the size of the ABS phase compared to the non-compatibilized blend. 
Conclusions
